ABSTRACT Secretory proteins are exported from the endoplasmic reticulum in COPII vesicles. SNARE proteins-core machinery for membrane fusion-are incorporated into COPII vesicles by direct interaction with Sec24. Here we report a novel mechanism for sorting of the ER-Golgi Q-SNAREs into COPII vesicles. Different mammalian Sec24 isoforms recruit either the R-SNARE Sec22b or the Q-SNAREs Syntaxin5, GS27, and Bet1. Syntaxin5 is the only Q-SNARE that directly interacts with Sec24C, requiring its "open" conformation. Mutation within the IxM cargo-binding site of Sec24C led to a drastic reduction in sorting of all three Q-SNAREs into COPII vesicles, implying their ER export as a preassembled complex. Analysis of immunoisolated COPII vesicles and intracellular localization of Sec24 isoforms indicate that all ER-Golgi SNAREs are present on the same vesicle. Combined with existing data, our findings yield a general concept of how Sec24 isoforms can recruit fusogenic SNARE subunits to keep them functionally apart and thus prime mammalian COPII vesicles for homotypic fusion.
INTRODUCTION
A key feature of eukaryotic cells is the presence of an elaborate endomembrane system that divides the cell into spatially and functionally separated compartments. These organelles are interconnected to each other via vesicular transport pathways maintaining their homeostasis and ensuring their specialized functions. Each trafficking step requires the orchestrated interplay of a distinct set of small GTP-binding proteins of the Arf and Rab family, coat proteins, tether proteins, and soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins (reviewed in Bonifacino and Glick, 2004; Cai et al., 2007; Brocker et al., 2010; Faini et al., 2013) .
SNAREs make up the core machinery for intracellular fusion events and were initially classified based on their distinct localization to either vesicle or target membrane as v-and t-SNAREs, respectively (Sollner et al., 1993) . SNARE proteins are either tail-anchored membrane proteins or anchored to membranes via lipid modification. They are characterized by a 60-to 70-amino acid long stretch of heptad repeats generally referred to as the SNARE motif (Weimbs et al., 1997) . A variety of N-terminal domains precede the SNARE motif, ranging from short, unstructured peptides to longin domains (e.g. in Sec22b, Ykt6, and VAMP7) or H abc domains (in Syntaxins) that are connected to the SNARE motif via a flexible linker region (reviewed in Brunger, 2005; Hong, 2005; Jahn and Scheller, 2006; Malsam et al., 2008) . SNARE-mediated membrane fusion is driven by the formation of a four-helix coiled-coil bundle (known as a SNARE pin) of the heptad repeat SNARE motifs from a single v-and two or three t-SNAREs residing in opposing membranes Weber et al., 1998) . Based on sequence and structural homologies and the presence of a characteristic amino acid (Arg [R] or Gln [Q] ) in the central zero ionic layer (0-layer) of the heptad repeats, SNARE proteins were also classified as R-SNAREs or Q-SNAREs. Furthermore, it was proposed that fusion-competent SNARE complexes generally consist of one R-SNARE and three Q-SNAREs . The R/Q-SNARE nomenclature is needed in particular for homotypic fusion events, in which the v/t-SNARE designation does not suffice to distinguish between SNARE complex subunits. SNARE proteins together with small GTP-binding proteins of the Rab family and tethering proteins contribute to compartmental specificity by guiding and regulating the different fusion events along the secretory pathway (reviewed in Cai et al., 2007) . Therefore their intracellular distribution and activity has to be rigorously regulated.
was reported to interact with Sec24A/B via a short YxxCE sequence (Mancias and Goldberg, 2008) , deduced from a previously identified LxxLE transport signal present in its S. cerevisiae homologue, Bet1p (Mossessova et al., 2003) . Furthermore, in an independent study, the mammalian isoforms of the two Sec24 subclasses were proposed to localize to distinct ER exit sites and give rise to two subpopulations of COPII vesicles (Bonnon et al., 2010) . This localization is difficult to reconcile with the reported SNARE specificities of the various Sec24 isoforms because the SNARE distribution reported would result in two types of vesicles incapable of undergoing homotypic fusion.
Taken together, our present state of knowledge on the transport of fusion-competent SNAREs does not allow us to answer the questions of 1) how homotypic fusion of ER-derived COPII vesicles can occur and 2) how the SNARE subunits can be kept in their fusogenic state during their transport.
In this study, we address seeming inconsistencies of previous studies by analyzing sorting of mammalian SNAREs in COPII vesicles in the context of vesicle formation. Similar to previous studies, we find that Sec24A/B recognize Sec22b, whereas Syntaxin5 and GS27 are selectively sorted by Sec24C/D. In addition, and in contrast to other reports, we find that Bet1 is specifically packaged into COPII vesicles as a subunit of a trimeric Q-SNARE complex that is recognized by a selective interaction of Sec24C/D with its Syntaxin5 subunit. Furthermore, by immunofluorescence and immunoprecipitation experiments, we find that Sec24 isoforms colocalize within ERES and consistently on COPII transport vesicles. Taken together, our data support a model in which isoform-specific sorting of R-SNARE and preassembled Q-SNAREs into the same population of COPII vesicles allow priming of these vesicles for homotypic fusion after coat disassembly.
RESULTS
The ER-Golgi R-and Q-SNAREs are differentially sorted by isoforms of the COPII coat subunit Sec24
To investigate sorting of SNARE proteins into COPII-coated vesicles by human Sec24 isoforms, we used a well-established in vitro COPII vesicle reconstitution assay using digitonin-permeabilized cells as donor membranes ( Figure 1A ; Goldberg, 2007, 2008; Adolf et al., 2013) .
To study isoform-specific cargo selection, we expressed Sec24A (representing the Sec24A/B subclass) or Sec24C (representing the Sec24C/D subclass) in complex with Sec23A, as well as the outer coat subcomplex Sec13/31, in insect cells. Preparations of the purified COPII coat proteins Sar1b, Sec23A/24A, Sec23A/24C, and Sec13/31A used in this study are depicted in Figure 1B . For reconstitution of COPII vesicles, semi-intact cells (SICs) were incubated with Sar1b, Sec23A/24A or Sec23A/24C, Sec13/31A, and GTP. Vesicle fractions were obtained by differential centrifugation and probed for the presence of various proteins by Western blotting ( Figure 1C) .
Clearly, vesicle formation was dependent on the presence of GTP ( Figure 1C ; compare lanes 1 and 3 with lanes 2 and 4, respectively). The ER-resident protein calnexin, which is not selected into COPII vesicles, was used as a control to assess specificity of the vesicle reconstitution assay ( Figure 1C ; compare Input with lanes 1-4). The cycling cargo adaptor protein ERGIC53, a Sec24 isoformindependent constituent of COPII vesicles , served as a measure for the amount of vesicles generated. Based on the signal intensity of ERGIC53, similar amounts of COPII vesicles were generated when either the Sec23A/24A or Sec23A/24C coat subcomplex was used ( Figure 1C ; compare Input with lanes 2 and 4). Of importance, the R-SNARE Sec22b predominates in the COPII vesicles mediate export of newly synthesized proteins from the endoplasmic reticulum (ER; reviewed in Zanetti et al., 2012; D'Arcangelo et al., 2013; Adolf and Wieland, 2014) . Their coat consists of the small GTP-binding protein secretion-associated and Rasrelated protein (Sar1) and the heterooligomeric subcomplexes Sec23/24 and Sec13/31 (Barlowe et al., 1994) . In mammalian cells, COPII vesicles are formed at specialized subdomains of the ER termed ER exit sites (ERES) or transitional ER (Orci et al., 1991; Bannykh et al., 1996; Hammond and Glick, 2000) . The biogenesis of COPII vesicles is initiated by recruitment and activation of the small GTP-binding protein Sar1 via the guanine nucleotide exchange factor Sec12 (Nakano et al., 1988; d'Enfert et al., 1991; Barlowe and Schekman, 1993 ). The COPII coat is then assembled in a successive manner (Matsuoka et al., 1998) . The inner coat subcomplex Sec23/24 is recruited to the ER via an interaction of Sec23 with Sar1 (Bi et al., 2002) , which in turn recruits the outer coat subcomplex Sec13/31 (Bi et al., 2007) .
Pioneering studies revealed the membrane-associated Sar1/ Sec23/24 complex to be involved in the selection of transmembrane cargo proteins destined for ER export (Aridor et al., 1998; Kuehn et al., 1998) . Subsequent genetic, biochemical, and structural studies identified Sec24 as the major cargo-binding subunit, with multiple cargo-binding sites (Pagano et al., 1999; Miller et al., 2002 Miller et al., , 2003 Mossessova et al., 2003) . Mammalian cells express four isoforms of Sec24 (Sec24A-D), which are believed to expand the cargo repertoire that can be selectively sorted into COPII vesicles (Pagano et al., 1999; Roberg et al., 1999; Peng et al., 2000; Shimoni et al., 2000; Miller et al., 2002; Goldberg, 2007, 2008; Wendeler et al., 2007; Bonnon et al., 2010) . All four Sec24 isoforms are ubiquitously expressed. Based on sequence homology, they were assigned to two subgroups, Sec24A/B and Sec24C/D (Pagano et al., 1999; Tang et al., 1999) .
The R-SNARE Sec22p and the Q-SNAREs Sed5p, Bos1p, and Bet1p in Saccharomyces cerevisiae (Newman et al., 1990; Shim et al., 1991; Hardwick and Pelham, 1992; Lian and Ferro-Novick, 1993; Sacher et al., 1997) , like their mammalian homologues Sec22b, Syntaxin5, GS27, and Bet1 (Dascher et al., 1994; Hay et al., 1997 Hay et al., , 1998 Paek et al., 1997; Zhang et al., 1997; Xu et al., 2000) , form a SNARE complex implicated in anterograde ER-to-ER-Golgi intermediate compartment (ERGIC)/Golgi transport.
Of note, the molecular mechanisms that underlie ER-to-Golgi SNARE sorting by COPII coat proteins are strikingly different in S. cerevisiae and mammalian cells. The S. cerevisiae Sec24 homologues Sec24p and Iss1p (both homologues of Sec24A/B in mammals) recruit all four ER-to-Golgi SNAREs into COPII vesicles. Sed5p, Bet1p, and Sec22p each has its own ER-export signal, which is recognized by an independent binding site within the Sec24 subunits termed the A-, B-, and C-sites, respectively Miller et al., 2002 Miller et al., , 2003 Miller et al., , 2005 Mossessova et al., 2003) . Consistently, Lst1p (homologue of Sec24C/D in mammals) was found to be present together with Sec24p on the same vesicular membrane (Shimoni et al., 2000) In contrast, the mammalian SNAREs are sorted into COPII vesicles by either Sec24A/B or Sec24C/D. Short peptide motifs of the consensus sequence IxM within Syntaxin5 and GS27 serve for sorting of the Q a -and Q b -SNAREs, recognized by a specific binding site within Sec24C/D (Mancias and Goldberg, 2008) . The R-SNARE Sec22b, on the other hand, is sorted into COPII vesicles via a conformational epitope formed when its N-terminal longin domain folds back onto its SNARE motif. This so-called "closed" conformation is recognized by a binding site molded in the interface between Sec23 and Sec24A/B . Similarly, Bet1 R-SNARE Sec22b into COPII vesicles, whereas the Q-SNAREs Syntaxin5 and GS27 (Mancias and Goldberg, 2008) , as well as the Q c -SNARE Bet1, are clients of Sec24C. These findings raised the questions of 1) how Bet1 is selectively sorted by the isoforms Sec24C/D and 2) whether in a cell, the ER-to-Golgi R-SNARE and Q-SNAREs are incorporated into distinct vesicles or the same vesicle.
Syntaxin5 in its open conformation, but not Bet1, interacts with Sec24C
Syntaxin5 and its S. cerevisiae counterpart, Sed5p, as well as GS27 and its homologue, Bos1p, have structured N-terminal domains connected to their SNARE motifs via a flexible linker (Xu et al., 2000; Mossessova et al., 2003; Williams et al., 2004) . Conversely, Bet1 is predicted to have a short, unstructured N-terminus preceding its SNARE motif. The domain organization of the various ER-Golgi SNAREs is depicted in Figure 2A .
To investigate whether Bet1 is sorted into COPII vesicles by a direct interaction between the Q c -SNARE and the COPII coat subunit Sec24C, we expressed the entire cytoplasmic domains of the ER-to-Golgi SNAREs Syntaxin5, GS27, Bet1, and Sec22b fused to the N-terminus of glutathione Stransferase (GST) to mimic their natural orientation in a membrane and probed for binding to Sec24C. A schematic representation of the fusion proteins used is depicted in Figure 2A . A similar approach was used previously to identify the IxM cargo-sorting motifs in Syntaxin5 and GS27 (Mancias and Goldberg, 2008) . Among the complete cytoplasmic domains of the ER-to-Golgi SNAREs, moderate but robust binding to Sec24C was detectable only for the Q a -SNARE Syntaxin5. By contrast, GS27, Bet1, and Sec22b fusion proteins did not show binding above background as determined with a GST control ( Figure 2B ).
Syntaxin family members are known to switch between "open" and "closed" conformations, which was first reported for Sytaxin1A and its yeast homologue, Sso1p. In the closed conformation, their N-terminal H abc domain is folded back to interact with the SNARE motif (Calakos et al., 1994; Fernandez et al., 1998; Nicholson et al., 1998; Dulubova et al., 1999; Fiebig et al., 1999; Misura et al., 2000; Munson et al., 2000) . Syntaxin5 and Sed5p have similar N-terminal folded H abc domains, which also are believed to confer equilibrium between open and closed conformations (Xu et al., 2000; Yamaguchi et al., 2002; Williams et al., 2004) . Of interest, the S. cerevisiae Syntaxin5 homologue, Sed5p, was reported to possess a higher binding affinity to Sec24p when in its open conformation (Mossessova et al., 2003) . In light of these results, we further investigated the mechanism of vesicles formed with Sec24A, whereas the Q-SNAREs GS27 and Bet1 are mainly found in vesicles reconstituted with Sec24C ( Figure  1C ; compare lanes 2 and 4). A quantification of independent experiments is shown in Figure 1D . Sec22b is enriched sevenfold to eightfold in vesicles generated with the isoform Sec24A, and similarly, GS27 and Bet1 are enriched in Sec24C vesicles by a factor of approximately six to eight.
These results demonstrate that Sec24A and Sec24C discriminate between ER-to-Golgi R-and Q-SNAREs. Sec24A sorts only the FIGURE 1: The R-SNARE Sec22b and the Q-SNAREs GS27 and Bet1 are differentially sorted by isoforms of the COPII coat subunit Sec24. (A) Schematic of in vitro formation of COPII vesicles from semi-intact cells. (B) Recombinant purified hamster Sar1b (0.5 μg) expressed in E. coli, the inner COPII coat subcomplex His6-Sec23A/23A or His6-Sec23A/24C (1 μg), and the outer coat subcomplex His6-Sec13/31A (1.5 μg) expressed in Sf9 insect cells were affinity purified and separated by SDS-PAGE and stained with CBB. (C) Formation of COPII vesicles was reconstituted in vitro by incubation of semi-intact HeLa cells with Sar1b, Sec23A/24A, Sec23A/24C, or Sec13/31A in the presence of GTP and an ATP-regenerating system (ATPr) as indicated. Newly formed vesicles were separated from donor membranes by differential centrifugation. The vesicle fractions and 5% of SICs used for reconstitution were analyzed by Western blotting for the presence of the non-vesicle membrane marker calnexin and the ER-to-Golgi SNARE proteins GS27, Sec22b, and Bet1. (D) Amount of vesicle membrane marker ERGIC53 and ER-to-Golgi SNARE proteins GS27, Sec22b, and Bet1 in vesicle fractions quantified using Li-COR Image Studio software (n = 6; horizontal lines indicate the means).
binding of Sec24 isoforms in the GST pulldown assay, we tested binding of either Sec23A/24A or Sec23A/24C to the Syntaxin5 205-328 fusion protein. To directly compare binding of the two subcomplexes, we analyzed pull downs for the presence of Sec23A. In line with results obtained from in vitro reconstitution of COPII vesicles (Figure 1 ), Syntaxin5 was found to interact directly with Sec24C but not with Sec24A ( Figure 2E ).
Taken together, our data imply that only the Q a -SNARE Syntaxin5 directly binds to the COPII coat subunit Sec24C, whereas GS27 and Bet1 do not directly interact with the COPII coat.
Mutation of the IxM-binding site within Sec24C leads to a sorting defect for all three Q-SNAREs
To further challenge this view, we took advantage of a previously described Sec24C mutant deficient in binding the IxM motif (Mancias and Goldberg, 2008) . Sec24C LI-L895AAA was expressed in complex with Sec23A in insect cells ( Figure 3A ) and used in the COPII vesicle budding assay.
Vesicle fractions generated with Sec24C wild type and Sec24C LIL895AAA were analyzed for the presence of the non-vesicle marker calnexin as well as for the COPII vesicle markers ERGIC53 and the three ERGolgi Q-SNARE proteins. Vesicle reconstitutions with Sec24C wild type and Sec24C LIL895AAA yielded similar amounts of vesicles deduced form the abundance of ER-GIC53 ( Figure 3B ; compare lanes 2 and 4). Strikingly, not only were Syntaxin5 and GS27 lost from vesicle fractions generated with Sec24C LIL895AAA , as has been described (Mancias and Goldberg, 2008) , but so was the Q c -SNARE Bet1 ( Figure 3B ; compare lanes 2 and 4). Quantification of independent reconstitution experiments confirmed consistent depletion of all three Q-SNAREs ( Figure 3C ). Taking the results together, binding of Sec24C to Syntaxin5 only and the loss of all Q-SNAREs in vesicles made with Sec24C LIL895AAA strongly imply that Syntaxin5, GS27, and Bet1 are sorted as a preassembled complex via the previously described IxM cargo-sorting motif present in Syntaxin5.
The R-SNARE Sec22b and the Q-SNAREs Syntaxin5, GS27, and Bet1 are incorporated into the same vesicle
To form a fusion-competent trans-SNARE complex, the prevailing concept stipulates that the R-SNARE Sec22b must reside in one membrane and the corresponding Q-SNAREs Syntaxin5, GS27, and Bet1 in an opposing membrane Xu et al., 2000) . Of interest, it has been proposed that isoforms of the two subclasses Sec24A/B and Sec24C/D reside in different ER subdomains and give rise to COPII vesicles coated binding of Syntaxin5 to Sec24C. To specifically study the open, form we analyzed binding to Sec24C of a truncated variant of Syntaxin5 that lacks the entire regulatory H abc domain. In pulldown experiments, we observed a markedly enhanced interaction of the open-conformation mimic of Syntaxin5 ( Figure 2C) . Similarly, to address whether lack of binding to Sec24C of the GS27 fusion protein comprising the entire cytoplasmic domain is due to the ability of the SNARE to adopt a closed conformation, we investigated Syntaxin5 and GS27 fusion constructs lacking their respective SNARE motifs. In line with the foregoing results described, binding to Sec24C was detectable only with the Syntaxin5 1-274-GST fusion protein ( Figure 2D ). To address the specificity of SNARE FIGURE 2: Syntaxin5 preferentially interacts with Sec24C in its open conformation. (A) Domain organization of human ER-to-Golgi SNARE and fusion proteins used in this study. The H abc domain of Syntaxin5 is depicted in purple, the longin domain of Sec22b in orange, the known IxM motif of Syntaxin5 in red, SNARE motifs in blue, and transmembrane domains (TMD) in green. (B-E) Direct interaction of the ER-to-Golgi SNARE fusion proteins was probed by GST pull-down assay. Sec23A/24A or Sec23A/24C bound to the SNARE-GST fusion proteins indicated and inputs of Sec23A/24A or Sec23A/24C (2.5%) were separated by SDS-PAGE. The lower part of the polyacrylamide gel containing SNARE-GST fusion proteins was stained with CBB, and the upper part was analyzed by Western blotting for the presence of Sec24C (B-D) or Sec23 (E). *N-terminally degraded recombinant Sec24C.
other. After medium-speed centrifugation, the COPII vesicle preparations were divided. From one fraction, vesicles were directly harvested by high-speed centrifugation to assess the total amount of vesicles ( Figure 4B , left, total vesicles). To isolate Q-SNARE-containing vesicles, the other fraction was immunoprecipitated with antiBet1 antibodies ( Figure 4B , right, IP:Bet1). Both samples were subsequently analyzed by Western blotting for presence of the R-SNARE Sec22b and the Q-SNAREs (Bet1). COPII vesicles were reconstituted with either Sec24 isoform alone ( Figure 4B , lanes 4/5 and 9/10) or with a combination of both ( Figure 4B, lanes 2 and 7) . Similarly, vesicles were generated separately with either isoform, mixed after medium-speed centrifugation, and further incubated for 10 min at 30°C to allow tethering/fusion ( Figure 4B , lanes 3 and 8, A+C vesicles).
The same isoform preference for sorting of the SNARE proteins Sec22b and Bet1 was observed irrespective of whether GTP ( Figure 4B , top) or the nonhydrolyzable analogue GTPγS ( Figure 4B , bottom) was used for COPII vesicle reconstitution ( Figure 4B ; compare lanes 4 and 5). As expected, whenever Sec24C was present in the various reconstitution reactions, Bet1 was found in the corresponding vesicles ( Figure 4B , lanes 2-4). Technically, it is of note that Bet1-containing vesicles could be immunoisolated irrespective of whether they were fusion competent (reconstituted with GTP) or fusion incompetent/coated (reconstituted with GTPγS; Figure 4B , lanes 7-9).
The Sec24A-specific cargo Sec22b was found in fusion-competent vesicles reconstituted with Sec24A and Sec24C in the same reaction ( Figure 4B , lane 7, top) and similarly when vesicles generated separately with Sec24A or Sec24C were mixed together ( Figure 4B, lane 8, top) . This indicates that the mixed vesicles generated in the presence of GTP were able to tether or fuse with each other. In contrast, when reconstitutions were performed with GTPγS, Sec22b was predominantly found in vesicles made in the presence of both Sec24 isoforms ( Figure 4B, lane 7, bottom) .
We quantified the Sec22b signals and formed their ratio for vesicles prepared in the presence of both coats divided by the corresponding signals of mixed vesicles. Whereas under GTP conditions the ratios between pelleted and immunoprecipitated vesicles were unchanged, under GTPγS conditions, the ratio of the immunoprecipitated sample was about fivefold higher than the respective ratio of the input (total vesicles; Figure 4B ; compare ratios in the top and bottom of lanes 2/3 with 7/8).
Taken together, these results show that, when both Sec24A and Sec24C are present, R-and Q-SNAREs are packaged into the same vesicle population, indicating that Sec24 isoforms cooperate in the biogenesis of individual vesicles and thus have to be present on the same ERES/vesicles. homogeneously with Sec24 isoforms from one subclass (Bonnon et al., 2010) .
The SNARE selectivity of Sec24 isoforms as reported earlier would allow such a segregation of Sec24A/B and Sec24C/D and consequently of their respective cargo proteins into distinct vesicles. To test this hypothesis experimentally, we analyzed whether the R-SNARE and the Q-SNAREs can be found on the same vesicles. To this end, we adapted a previously reported method to immunoisolate COPII vesicles (Muniz et al., 2001) . Vesicles reconstituted in the presence of GTP rapidly lose their coat after membrane scission, whereas vesicles reconstituted with the poorly hydrolyzable GTP analogue GTPγS remain coated and therefore cannot undergo homotypic fusion, as schematically depicted in Figure 4A . Hence, for immunoisolation of COPII vesicles, we performed the standard in vitro budding assay in the presence of either GTP or GTPγS, which allowed us to discriminate between segregation of SNARE proteins into distinct vesicles and vesicles that are fused/tethered to each FIGURE 3: Mutation of the IxM-binding site within Sec24C affects sorting of the three ER-Golgi Q-SNAREs Syntaxin5, GS27, and Bet1. (A) Recombinant purified inner coat subcomplex His6-Sec23A/24C wild type or His6-Sec23A/24C LIL895AAA (1 μg) expressed in Sf9 insect cells was separated by SDS-PAGE and stained with CBB. (B) Formation of COPII vesicles was reconstituted in vitro by incubation of semi-intact HeLa cells with Sar1b, Sec23A/24C wild type, or Sec23A/24C LIL895AAA or Sec13/31A in the presence of GTP and an ATP-regenerating system (ATPr) as indicated. Newly formed vesicles were separated from donor membranes by differential centrifugation. The vesicle fractions and 5% of SICs used for reconstitution were analyzed by Western blotting for the presence of the non-vesicle membrane marker calnexin and the ER-to-Golgi Q-SNARE proteins Syntaxin5, GS27, and Bet1. (C) Amount of vesicle membrane marker ERGIC53 and ER-to-Golgi Q-SNARE proteins Syntaxin5, GS27, and Bet1 in vesicle fractions quantified using Li-COR Image Studio software (n = 3; horizontal lines indicate the means). The lower band of Syntaxin5 (isoform 2, marked by an asterisk) was used for quantification.
were obtained by linear regression ( Figure  5C ). Correlation coefficients derived from quantification of roughly 100 ERES in three different cells per condition are shown in Figure 5D . The highest correlation was obtained for colocalization of Sec24C and Sec24A, clearly indicating that there is no strict segregation of Sec24 isoforms into distinct ERES. This finding is consistent with our biochemical results that show coexistence of Sec24A-and Sec24C-specific cargo within the same vesicle.
DISCUSSION
SNARE proteins play a pivotal role in vesicle-targeting and fusion events in eukaryotic cells. Therefore their intracellular localization and coherent sorting into nascent transport vesicles are strictly regulated. In an attempt to reconcile proposed models for sorting of the ER-to-Golgi SNARE proteins, we investigated their sorting by mammalian Sec24 isoforms, as well as the intracellular localization of these COPII coat subunits. We found that the two subclasses of the mammalian Sec24 isoforms discriminate between the ER-to-Golgi R-SNARE Sec22b and the three Q-SNAREs Syntaxin5, GS27, and Bet1.
Using an established in vitro COPII vesicle reconstitution assay to monitor the requirement of individual Sec24 isoforms for sorting of ER-to-Golgi SNAREs, we show that Sec22b is specifically recognized by Sec24A, whereas Syntaxin5, GS27, and Bet1 are clients of Sec24C. On one hand, these results agree with the previously described preference of Sec24A/B for the R-SNARE Sec22b and of Sec24C/D for the Q a -SNARE Syntaxin5 and the Q b -SNARE GS27 Goldberg, 2007, 2008) . On the other hand, earlier studies proposed that the mammalian Q c -SNARE Bet1 is sorted into COPII vesicles by Sec24A/B via a YxxCE motif deduced form the LxxLE motif of its S. cerevisiae homologue, Bet1p (Mancias and Goldberg, 2008) . In yeast, the LxxLE motif binds to the so-called B-site, which also recognizes diacidic DxE motifs (Miller et al., 2003; Mossessova et al., 2003) . However, the Sec24A/B preference for mammalian Bet1 was not tested in the context of COPII vesicle formation. Instead, a peptide of Bet1 comprising the 25 YxxCE 29 motif was soaked into a crystal of Sec24A (Mancias and Goldberg, 2008) .
Because IxM sorting motifs have been identified in both Syntaxin5 and GS27 (Mancias and Goldberg, 2008) , we initially speculated that Bet1 is also selectively incorporated into COPII vesicles by direct interaction with Sec24C/D, mediated by a yet-to-be-identified cargo-sorting motif. We tested this possibility with GST pulldown experiments. Strikingly, we were not able to detect a direct interaction between Sec23A/24C and GS27 or Bet1. Only the Q a -SNARE Syntaxin5 displayed moderate but robust binding to Sec23A/24C. Of particular interest was the observation that the strongest interaction between Syntaxin5 and Sec24C was detected with a minimal construct comprising only the linker region (containing the IxM motif previously identified) and the SNARE motif but lacking the entire N-terminal regulatory domain. Hence it is the open conformation of Syntaxin5 that binds Sec24C. This is consistent
Sec24A and Sec24C colocalize within the same ER exit sites
We further challenged our biochemical data by analyzing the intracellular localization of Sec24A and Sec24C in HeLa cells via immunofluorescence microscopy. To this end, we used antibodies that specifically recognize distinct Sec24 isoforms. To assess isoform specificity, we separated purified, recombinant Sec23A/24A and Sec23A/24C subcomplexes by SDS-PAGE and analyzed them by Western blotting. The antibodies directed against Sec24A and Sec24C showed barely any cross-reactivity ( Figure 5A ).
To investigate whether endogenous Sec24 isoforms are segregated into different ER exit sites and consequently distinct COPIIcoated vesicles, we fixed HeLa cells and coimmunolabeled them with anti-Sec24C antibody in combination with an antibody against Golgi matrix protein GM130, the outer COPII coat subunit Sec31A, or Sec24A. Single slices of representative z-stacks are depicted in Figure 5B .
Barely any colocalization was detected between GM130 and Sec24C ( Figure 5B, top) . When the localization of Sec24C was compared with outer COPII coat component Sec31A, a high level of colocalization was observed ( Figure 5B, middle) . Comparison of Sec24C with Sec24A resulted in a similar picture ( Figure 5B , bottom). The degree of colocalization observed in punctuated ERES was even slightly higher in cells immunostained for Sec24C and Sec24A than with cells stained with Sec24C and Sec31A.
For a statistical evaluation of immunofluorescence images, ERES were randomly selected, and fluorescent signals for both channels were evaluated as previously described (Iwasaki et al., 2015) . Adjacent signals for Sec24C were blotted against the corresponding signals of GM130, Sec31A, and Sec24A, and R 2 values Miller et al., 2003 Miller et al., , 2005 . Mutations within the R-SNARE Sec22p that disrupt SNARE complex formation but not ER export corroborate this view and led the authors to propose that the yeast Sec24 proteins have a preference for individual ER-to-Golgi SNARE proteins (Liu et al., 2004) . The sorting preference reported here of Sec24A/B for the R-SNARE Sec22b or of Sec24C/D for the preassembled Q-SNARE complex is consistent with the prevailing view that in both mammalian cells and S. cerevisiae, the R-SNAREs have to reside on one membrane, whereas the Q-SNAREs form the cognate SNARE complex on the opposing membrane (Xu et al., 2000; Furukawa and Mima, 2014) . The preference of the mammalian Sec24A/B for the closed conformation of the R-SNARE Sec22b ) strengthens this view.
Of note, whereas the role of the subunits of the ER-Golgi SNARE complex are conserved between mammalian cells and S. cerevisiae, the organization of the early secretory pathway in yeast and mammals is strikingly different. Mammalian COPII vesicles homotypically fuse with each other after membrane scission/uncoating to form the ERGIC/vesicular tubular cluster (VTC; Xu and Hay, 2004) . In contrast, COPII vesicles in S. cerevisiae fuse directly with cis-Golgi compartments to deliver their cargo content, as shown most recently by superresolution microscopy (Kurokawa et al., 2014) . Accordingly, in yeast, Sed5p is required for ER-to-Golgi transport only on the cis-Golgi acceptor compartment but not on vesicular membranes (Cao and Barlowe, 2000) , whereas its mammalian homologue, Syntaxin5, is required for the formation of the ERGIC (Rowe et al., 1998) . Thus the sorting preference of the mammalian Sec24 isoforms for the fusogenic forms of the ER-Golgi SNARE subunits would prime COPII vesicles for homotypic fusion to promote the formation of an ERGIC/VTC.
Immunoisolation of COPII vesicles and analysis of their Sec24 isoform-specific cargo proteins show that the various Sec24 isoforms are found on the same population of ER-derived vesicles. Colocalization of endogenous Sec24 isoforms corroborates this view. These observations raise the important question of how the R-SNARE and the Q-SNAREs are prevented from forming a premature cis-SNARE complex when present on the same vesicle membrane. Our results suggest that fusion competence is preserved by segregation of SNARE subunits as clients of different Sec24 isoforms. In such a scenario, the inner coat proteins would scaffold the SNARE proteins until uncoating and keep Sec22b in its inactive conformation.
A model of Sec24 isoform-dependent SNARE sorting in mammals is given in Figure 6 . Sec23/24 is recruited to ER membranes by Sar1-GTP. Cargo proteins are recruited into nascent COPII vesicles by Sec24 isoforms that discriminate between the fusogenic states of the ER-to-Golgi SNARE proteins. Sec24A/B selectively recruit the R-SNARE Sec22b when it is not engaged in a SNARE complex, whereas the three Q-SNAREs are sorted into vesicles as a preassembled complex via a direct interaction between Sec24C/D with an IxM motif presented by Syntaxin5. The mammalian Sec24 isoforms colocalize on ERES in living cells and hence promote sorting of their with the idea that its yeast homologue, Sed5p, binds to Sec24p in its open conformation via a YxxxNPF motif that is not accessible when the N-terminal H abc domain is folded back onto its own SNARE motif (Mossessova et al., 2003) . We further excluded the possibility that the lack of binding observed of the GS27 construct comprising the entire cytoplasmic domain is a result of the adoption of a similar closed conformation. Consistent with our observation, a lack of binding of Bet1 to Sec23A/24C was previously reported (Kim et al., 2005) .
On the basis of the Sec24 isoform-specific sorting of the SNARE proteins and the finding that only Syntaxin5 directly interacts with Sec24C, we hypothesized that GS27 and Bet1 are incorporated into COPII vesicles as a preassembled Q-SNARE complex via Syntaxin5. This hypothesis is further supported by the observation that mutations within the IxM cargo-binding site of Sec24C led to a severe defect in sorting of all three ER-to-Golgi Q-SNAREs into COPII vesicles. These two independent lines of evidence argue strongly against an alternative interpretation that GS27 and Bet1 are recruited into COPII vesicles via an additional, unknown protein that competes with their natural partner, Syntaxin5, for binding to the same Sec24 cargo-binding site.
A coupled transport mechanism similar to the one we propose for the mammalian ER-to-Golgi SNAREs has been proposed for the S. cerevisiae ER-to-Golgi SNAREs Sed5p, Bos1p, and Sec22p (Mossessova et al., 2003) . Sed5p is selectively sorted into COPII vesicles by binding of its YxxxNPF transport signal to the so-called A-site within Sec24p (Mossessova et al., 2003; Miller et al., 2005) . However, only Sed5p was depleted from COPII vesicles generated with a disrupted A-site variant of Sec24p, arguing against a coupled ER export mechanism of an Sed5p, Bos1p, Sec22p SNARE complex FIGURE 6: Model for Sec24 isoform-dependent sorting into COPII vesicles of the preassembled ER-to-Golgi Q-SNARE complex Sytaxin5/GS27/Bet1. On membrane recruitment of the inner coat subcomplex Sec23/Sec24 via the small GTP-binding protein Sar1, the Sec24 subunit binds to either the R-SNARE Sec22b (Sec24A/B) via a conformational epitope or the Q-SNARE complex Syntaxin5/GS27/Bet1 (Sec24C/D). The ER-to-Golgi Q-SNARE complex binds to a conserved binding site within Sec24C or Sec24D via the motif IxM present in the flexible linker region between the H abc domain and the SNARE motif of its subunit Syntaxin5. The different Sec24 isoforms are not segregated to distinct ERES, and hence their cargo proteins are present on the same vesicle membranes.
indicated, digested with NdeI and KpnI, and inserted into the respective restriction sites of pET29a-GST.
Protein expression and purification
The COPII coat subcomplexes His6-Sec23A/24A, His6-Sec23A/24C, and His6-Sec13A/31A were expressed in Sf9 insect cells and purified as described previously (Adolf et al., 2013) . GSTtagged hamster Sar1b was expressed in Escherichia coli BL21 (DE3) pLysS (Thermo Fisher Scientific, Waltham, MA) and purified as described previously (Kim et al., 2005) . SNARE-GST fusion constructs were expressed in E. coli BL21 (DE3) at 25°C for 3 h after induction with 0.5 mM isopropyl-β-d-thiogalactoside and purified on glutathione Sepharose 4 fast flow (GE Healthcare). Before snap freezing, buffer was exchanged to 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.2 (KOH), 200 mM KCl, 5 mM MgCl 2 , 0.02% (vol/vol) monothioglycerol, and 10% (wt/vol) glycerol on PD-10 columns (GE Healthcare).
In vitro COPII vesicle formation from semi-intact cells
HeLa ACC57 cells (DSMZ, Braunschweig, Germany) were grown at 37°C with 5% CO 2 in alpha-MEM (Sigma-Aldrich, St. Louis, MO) with 10% fetal bovine serum. Preparation of semi-intact HeLa cells and the COPII budding assay were carried out as described previously (Adolf et al., 2013) . When Sec22b and GS27 were to be detected in the same assay, the standard COPII budding reaction was scaled up twofold, and 40% of the vesicle fractions were analyzed by quantitative Western blotting.
SNARE-GST binding assay
For the GST binding assay, 50% (vol/vol) slurry of glutathione Sepharose 4 fast was mixed 1:1 with 50% (vol/vol) slurry of Sepharose CL-4B (Sigma-Aldrich). GST or SNARE-GST fusion proteins (100-300 μg, to obtain equal amounts of fusion protein binding) were incubated with 20 μl of the 50% (vol/vol) mixed slurry in assay buffer (25 mM HEPES, pH 7.2 [KOH], 150 mM KOAc, 2 mM MgOAc, 0.02% [vol/vol] monothioglycerol) in a total volume of 1 ml for 1 h at 4°C. Beads were washed three times with 750 μl of assay buffer and subsequently incubated with 20 μg of His6-Sec23A/24C in assay buffer in a total volume of 500 μl for 1 h at 4°C. Subsequently, glutathione Sepharose beads were washed three times with 750 μl of assay buffer to remove unbound material, and bound His6-Sec23A/24C was eluted with SDS-PAGE sample buffer. Input fractions of His6-Sec23A/24C (3 and 5%) and 40% of samples were analyzed by SDS-PAGE and Coomassie brilliant blue (CBB) staining (GST and GSTfusion proteins) and Western blotting (Sec24C or Sec23A).
Immunoisolation of COPII vesicle
For immunoprecipitation of COPII vesicles, the standard COPII vesicle budding reaction was scaled up threefold. After medium-speed centrifugation at 14.000 × g for 10 min at 4°C, the COPII vesiclecontaining supernatants, generated with only Sec24A, Sec24C, a mixture of both isoforms, or a sample containing a 1:1 mixture of homotypic vesicles (twofold reaction of Sec24A and Sec24C vesicles each), were incubated for an additional 10 min at 30°C. After the short incubation to allow vesicle fusion/intervesicle tethering, one-third of each sample was harvested by ultracentrifugation at 100,000 × g for 10 min at 4°C. The remainder of each sample was adjusted to 1 ml containing 1 μg of anti-Bet1 antibody in assay buffer (20 mM HEPES, pH 7.2 [KOH], 150 mM KOAc, 2 mM MgOAc) supplemented with 5% (wt/vol) bovine serum albumin (BSA) and incubated for 14-16 h at 4°C. Subsequently, 30 μl of a 50% (vol/vol) slurry of protein A Sepharose 4 Fast Flow was added, and the isoform-specific cargo proteins into the same vesicles. The resulting pre-budding complexes then recruit the outer coat layer Sec13/31 to form a bud that eventually undergoes membrane scission to become released as a COPII vesicle.
Besides ER-to-Golgi SNARE proteins, some other cargo proteins are exported from the ER in a Sec24 isoform-specific manner (Farhan et al., 2007; Bonnon et al., 2010; Merte et al., 2010; Sucic et al., 2011) , whereas many are likely to be unknown. Further studies are required to gain a comprehensive knowledge of cargo sorting. Ultimately, this will help to unravel the molecular basis of human disorders associated with mutations in Sec24 isoforms (Yang et al., 2013; Garbes et al., 2015) .
MATERIALS AND METHODS Antibodies
The following antibodies were used: Sec31A (32/Sec31A, 612350) and GM130 (35/GM130, 610822), both from BD Bioscience (San Jose, CA); calnexin (ab75801) and Sec22L (ab116676), both from Abcam (Cambridge, MA); Sec23 (E19, sc-12107), Sec24A (N-14, sc-169279), ERGIC53 (C-6, sc-365158), Syntaxin5 (B-8, sc-365124), GS27 (25, sc-135932), Sec22b (29-F7, sc-101267), and Bet1 (17, sc-136390), all from Santa Cruz Biotechnology (Dallas, TX); and Sec24C (SZ505), a kind gift from Randy Schekman (University of California, Berkeley, CA). For immunofluorescence and Western blot, the following secondary antibodies were used: goat antirabbit Alexa Fluor 488, donkey anti-goat Alexa Fluor 546, goat anti-mouse Alexa Fluor 546, donkey anti-goat Alexa Fluor 680, goat anti-rabbit Alexa Fluor 680, and goat anti-mouse Alexa Fluor 680, all from Invitrogen (Carlsbad, CA).
Plasmids
The pFBDM transfer vector (Berger et al., 2004) and the plasmids pFBDM-His6-Sec23A/Sec24A and pFBDM-His6-Sec13/Sec31A (Adolf et al., 2013) have been described previously. For generation of the pFBDM-hexahistidine (His6)-Sec23A/Sec24C construct, His6-Sec23A was excised with XmaI and NcoI from pFBDM-His6-Sec23A/ Sec24A and inserted into the respective restriction sites of pFBDM. The cDNA of human Sec24C was obtained as I.M.A.G.E. clone from Source BioScience (Nottingham UK), amplified by PCR with the primers 5′-AAA AAG CGG CCG CAT GAA CGT CAA CCA GTC AG-3′ and 5′-AAA AAT CTA GAT TAG CTC AGT AGC TGC-3′, digested with NotI and XbaI, and inserted into the respective restriction sites of pFBDM-His6-Sec23A. The pFBDM-His6-Sec23A/ Sec24C LIL895AAA construct was generated by site-directed mutagenesis. For the pET29a-SNARE-GST fusion constructs, GST was amplified by PCR from pGEX-2T (GE Healthcare, Little Chalfont, United Kingdom) with the primers 5′-AAA AAA CCA TGG GAT CC CCT ATA CTA GG-3′ and 5′-AAA AAA CTC GAG TCA ATC CGA TTT TGG AGG-3′, digested with NcoI and XhoI, and inserted into respective restriction sites of pET29a (Novagen). Rat Syntaxin5 1-328 (5′-AAA AAA CAT ATG ATC CCG CGG AAA-3′ and 5′-AAA AAA GGT ACC TGA CTG GAA GTA CTT-3′), rat Syntaxin5 205-328 (5′-AAA AAA CAT ATG AGG AAC CGT CGG GAA-3′ and 5′-AAA AAA GGT ACC TGA CTG GAA GTA CTT-3′), rat Syntaxin5 1-274 (5′-AAA AAA CAT ATG ATC CCG CGG AAA-3′ and 5′-AAA AAA GGT ACC CTG CAT GGT GTC TGC-3′), human GS27 1-186 (5′-AAA AAA CAT ATG GAT CCC CTG TTC-3′ and 5′-AAA AAA GGT ACC AGC CCG CTT CTC GAT-3′), human GS27 1-132 (5′-AAA AAA CAT ATG GAT CCC CTG TTC-3′ and 5′-AAA AAA GGT ACC TTT CTG GAG GGA GGA-3′), and human Bet1 1-86 (5′-AAA AAA CAT ATG AGG CGT GCA GGC-3′ and 5′-AAA AAA GGT ACC CTT CAG TTT GCC CAT-3′) were amplified by PCR with the primer pairs
Immunofluorescence microscopy
For immunofluorescence, HeLa ACC57 cells were seeded on coverslips 24 h before immunostaining, fixed with ice-cold methanol for 5 min, and subsequently blocked with 5% (wt/vol) BSA in phosphatebuffered saline (PBS) for 15 min at room temperature. Sequential incubation with primary and fluorescently labeled secondary antibodies was carried out in 5% (wt/vol) BSA in PBS for 30 min at room temperature. The Sec24C primary antibodies were detected with Alexa 488-labeled anti-rabbit immunoglobulins (Igs), whereas GM130 (mouse), Sec31A (mouse), and Sec24A (goat) primary antibodies were stained with Alexa 546-labeled Igs raised in the indicated hosts. Samples were embedded in ProLong Gold Antifade with 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen). Images of zstacks were acquired on a Nikon ERS-6 spinning-disk confocal microscope with a 63× objective and deconvolved with Huygens. Quantification of colocalization was preformed as described (Iwasaki et al., 2015) . Briefly, ∼100 ERES were randomly selected per cell, and fluorescence intensity in both channels was quantified with ImageJ (National Institutes of Health, Bethesda, MD).
